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INTRODUCTION 
In order to secure the faultless function of com-
pressor valves considerable efforts have been de-
voted to valve design, material selection, valve 
manufacture etc. The stress system experienced by 
those dynamically loaded components was exten-
sively analysed to gain important information for 
predicting the valve failure (1 - 4). However, 
several practical applications indicate difficul-
ties in estimating the stresses or strains parti-
cularly when the valve component impacts the seat 
(51 6) • 
In this study an attempt is done to establish the 
fracture mode of compressor ring valves and flex-
ible reed valves which failed in service, The 
examined valves were predominantly loaded by im-
pact, The fracture characteristics with respect 
to the stress system exposed to the valves are 
discussed. The initiation of primary fatigue cracks 
and subsequent crack growth is shown. Some general 
viewpoints on fatigue behaviour of high-strength 
strip steels are given. 
MATERIALS 
'I'he investigated valves were fabricated from high-
strength strip steels, namely plain carbon steel 
(1 %c), AISI 420 stainless steel (0.35% C 1 Mo 
13 Cr), tool steel (0.4% C 1 Si 5 Cr 1.4 Me 0.4 V) 
and low-alloyed spring steel (0.6 % C 1 Si 0.5 Cr 
0.3 Mo). The strip steel hardness was HV 540-600. 
About 50 valves were examined. The valve materials 
were produced by different strip steel manufactu-
rers and by different processing. 
FRACTOGRAPHY 
Fatigue fracture results from the application of 
repeated cyclic stresses. Fatigue cracks form at 
the point or points of maximum local stress. The 
local stress pattern is determined by the shape of 
the part including local features such as surface 
and metallurgical imperfections that concentrate 
macroscopic stress and by the type and magnitude of 
the loading. 
The process of fatigue may be considered as con-
sisting of three stages: 
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- Initial fatigue damage leading to crack initiation 
- Crack growth until the remaining uncracked cross 
section of a part becomes too weak to carry the 
loads imposed, (stable crack growth). 
Final, sudden fracture oi the remaining cross 
section, (unstable crack growth). 
Because most of the surface area of a fatigue 
crack is generated by a process that is tensile-
stress dependent, the stress system responsible 
for fracture can often be deduced from the con-
figuration of the fracture. The most noticable 
macroscopic features of classic fatigue-fracture 
surfaces are the progression marks, also known as 
beach marks, which indicate successive positions 
of the advancing crack front. 
The aim of the present study was to explain the 
mechanism of impact fatigue failures. For that 
reason fractographic examinations were focused on 
the detection of the primary crack-o£igin sites at 
an early stage and fatigue crack growth, The frac-
tured valves were examined using a Jeol JSM 50A 
scanning eleotrone microscope. 
Ring valves 
Broken valves from reciprocating compressors manu-
factured from carbon steel, tool steel, low-alloyed 
spring steel and stainless steel are shown in Fig. 
1, 3, 5 and 7. Valve thickness was 0.46 mm (0.018 in). Two macroscopic fracture characteristics can 
be distinguished. In some cases the fracture was 
propagating straight in the radial direction. Some 
of the valves lost the small fragments from the 
outer edges. However in both cases the radial 
orientation of primary fatigue cracks was estab-
lished. The primary cracks were located in 
vicinity to the outer edges, which indicates 
that this part of the valve is exposed to highest 
stresses. The crack origins were found on the 
valve side impacting against the seat, Fig. 2 or 
on the opposite (upper) side, Fig. 4 and 6. In 
some cases, crack initiation was detected on both 
valve surfaces, It should be emphasized that 
primary crack were located outside the contact 
ring where no mechanical load due to direct con-
tact with the valve seat can be expected. 
The fractograph:; demonstra·~e clearly that the 
fracture orlgJ.n sites were on "the valve surface at 
shallow irregularioies. A fatigue fracture 
originated at the small defects from the valve 
finishing is shown in Fig. 6. Note the progression 
marks revealing the crack growth. The late stage 
of the impact failure can be characterized by whole 
networl\: of secondary cracks growing along the edge 
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Fig. 1 - Broken ring valves, carbon steel. Arrow 
shows the examined area presented in this paper. 
Fig, 2 - Carbon steel, An early stage of impact 
failure, Note fatig:J.e crack initiation located out-
side the contact ring (A) on the valve surface 
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Fig, 3 - Tool steel. 
Fig. 4 - Tool steel. 
Primary fatigue crack 
initiation on the sur-
face and successive · 
growth. 
Fig. 5 - Low-alloyed spring steel, 
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Fig. 6 - Low-alloyed spring steel. Fracture 
started at surface C.efects left by finishing 
treatment, 
Fig. 8 - Stainless steel. Radial fatigue crack 
initiated at surface defect originating from 
rolling, 
It is well known that severe surface notches act 
as effective stress raisers, The fatigue failure 
i.ni tiated at rolJ.ing defect located apart from the 
edge is shown in Fig, 8, Considering that outer 
edge is the most critic ally. stre-ssed zone of the 
ring valve one can conclude that in this case the 
maximu.'ll stress due to the stress concentration at 
the rolling defect i.s higher than stress exposed 
to the outer edge. It was concluded that surface 
and edge defects found in this study are sirn:L~.ar 
to these documented in case studies of fractured 
flapper· valves (7). 
Flexi.ole valve reeds 
Fracture occurence was studied on flexible valve 
reeds, thickness 0. 508 mm ( 0, 020 in), fabricated 
from carbon steel, Fig, 9 and 12. Even these 
valves exhi'bi ted t~1e radial orientation of primary 
fatigue cracks. The cracks ·were generated on the 
surface contacting the valve seat. 
The primary crack initiation is similar to the 
described ring valves, Fig, 10, 11, 13 ru1d 14. 
Fig. 9 - Flexible 
reed, valve (A), 
carbon steel. 
Fig. 10 - (A) The first step 
of impact failure, surface 
crack initiation. 
Fig. 11 (A) Note progress-
ing marks indicating crack 
growth. 
Exhaustive investigations did not revealed any 
defects or stress raisers governing the fatigue 
crack initiation. Examined valves showed properly 
tumbled edges and surfaces. 
Fig. 12 - Flexible 
reed, valve (B), 
carbon steel. 
Fig. 13 - (B) Surface crack-
ing, no visible surface de-
fects detected. 
Fig. 14 - (B) Progressing 
marks show crack growth. 
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F'atigue crack was growing in radial direction, per-
pendicular to the valve surface, Fig. 10-12 and 16. 
Some of the valves exhibited crack propagation in 
two perpendicular directions, see Fig. 15, where 
a simplified schematic representation-of the opera-
ting stresses is given. 
Fig. 15 - Crack propagating in two perpendicular 
directions. 
Fig. 16 - (B) Crack growth, ductile striations 
created by microvoid coalescence. 
The examination of fractured flexible reeds, 
manufactured from carbon steel shows that valves 
were overloaded. The application of martensitic 
stainless valve steel possessing superior impact 
fatigue strength thm" carbon steel was suggested 
(8). 
DISCUSSION 
The major load applied to the investigated ring 
and flexible reed valves was impact load when the 
valve hits the seat. The primary fatigue cracks 
were generated on the outer edges or contact sur-
faces with the seat. These valve parts are assumed 
to be exposed the highest stresses. The radial 
orientation of the primary cracks proved that 
circumferential (t~ential) stress component is 
one of the principal stress component responsible 
for the failure. It should be noted that in many 
cases the primary fatigue cracks were located 
outside the contact ring with the seat, where no 
mechanical loads due to the square or oblique 
impact can be expected. This leads to an assump-
tion, that detected fatigue cracks were created 
by stress waves induced by impact. It was shown, 
that propagating pressure waves can be transformed 
to the tensile wave pulses which can cause the 
fracture. This phenomenon was observed on edges/ 
corners of impact stressed plates (9, 10). 
In several cases no stress raisers were found. The 
fractographs indicate that these valves were ex-
posed to higher stresses than unnotched material's 
fatigue strength and the valves were considered as 
overloaded, More details on the magnitude of the 
impact stresses are given in ref, (8), 
The initiation stage represents the main part of 
the valve fatig~e life, The initiated primary crack 
becomes a macroscopic stress raiser and is more in-
fluential thm" any stress raiser that is already 
in the valve, It can be concluded that once the 
crack has been initiated the successive growth is 
very fast and leads to final sudden fracture, The 
duration of this stage takes only a minor part of 
the total valve fatigue life, The chips formation 
due to the tearing of small fragments from the 
edges is also attributed to the final fracture, 
Scanning electrons microscope fractographs showed 
regions displaying the progressing marks around 
the surface fracture origin, Fig, 4, 6, 11, 14-16, 
oriented paral·i el to the advm1cing crack front, In 
a ~uantitative sense, the illustrated progressing 
marks represent the incremental advance of the 
growing fatigue crack as a result of one loading 
cycle, The extent of this advance depends on the 
stress range, In our case, the width of the pro-
gressing marks varies which indicates that valves 
\{ere exposed to random-loading pattern in an 
operating compressor, It is appropriate to empha-
size that progressing marks documented in this 
study should be distinguished from the macroscopi-
cally observed progressing marks described in 
current literature, representing period of growth 
during which thousands of loading cycles may occur, 
According to fractographic observations on broken 
valves, the crack growth during one loading cycle 
is very large compared with stable fatigue crack 
growth per cycle corresponding to one striation 
spacing, normally approx, 0,1- 1 ~m (11). A 
detailed fractograph, Fig, 16, reveals fatigue , 
crack extension per cycles in flexible valve reed. 
The ductile striation, representing one progress-
ing mark is created by microvoid coalescence. The 
dimples and evidence of abrasion are the dominant 
fractographic featcrres of plane stress slant 
fracture surfaces, The peak-to-valley matching is 
visible, The crack advance per loading cycle was 
estimated to 10 - 100 ~m , compare fractographs 
Fig, 4, 6, 11, 14-16, This indicates that at im-
pact loading, the valve component can be exposed 
to extreamly high stresses, At the crack tip 
such stresses can give a stress intensity factor 
probably exceeding the fracture toughness of the 
valve material. Because of the very short stress 
pulse duration resulting from the complex random-
load history,transient dynamic effects,stress 
interference effects etc, when the valve reed 
impacts the seat or valve stop, the fast crack 
growth is interrupted, The crack growth velocity 
vc, for material with Poisson's ratio 0,25 can 
be calculated from (10) 
vc = 0.38 c 0 
c =I!.._ 5.103 m/s for steel 
0 p 
E Young's modulus 
p density 
Considering the crack advance per impact cycle 
10 - 100 ~m the corresponding stress pulse dura-
tion can be approximated to 0,5 - 5.10-a sec., 
Similar impact stress pulse duration for compressor 
valves was estimated by Soedel (6). 
In this study no crack initiation below the sur-
face has been found, Such fatigue cracks can' 
possibly start at internal defects if they have a 
higher notch effect than stress raisers detected 
on the surface. The fractographic results show 
that a large part of the valve surface is exposed 
to severe impact stresses which emphasizes the 
importance of the surface and edge finish (12), The 
crack initiation stage at impact loading is similar 
to fatigue behaviour of high-strength steels at 
other loading modes. 
The study indicates the necessity of the valve 
failure analysis in order to assess where the 
actual limitation is. In many cases the problems 
can be solved by proper valve design, imuroved 
valve fabrication, suitable material selection or 
modified compressor operating conditions. 
CONCLUSIONS 
Extensive studies of service failures of com-
pressor ring valves and flexible valve reeds 
documented that impact fatigue fracture is 
initiated entirely on the valve surface, No 
evidence on initiation of impact fatigue frac-
ture below the surface was found, 
The crack initiation stage at impact loading is 
similar to fatigue behaviour of high-strength 
steels at other loading modes, 
- The radial orientation of the primary cracks 
proved that a circumferential stress component 
is one of the principal stress component re-
sponsible for the failure, 
Two macroscopic fracture characteristics were 
distinguished, the fracture was propagating 
straight in the radial direction or- the small 
fragments were lost from the outer edges, 
I - Fatigue crack location indicate that fractUres 
1 were created by stress wave pulses, Detected 
l fractographic features show the very short 
I duration of the working stress pulses, 
i 
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In some cases no stress raisers were found in 
examined valves, The fraetographs indicate 
that the valves were exposed to higher stresses 
than fatigue strength of the unnotched material 
and were considered as overloaded, 
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